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Abstract.  
In 2011 and 2012, Iowa State University conducted storage trials for large, rectangular corn stover bales to 
determine the most effective storage method for companies and farmers harvesting corn stover. Over 2000 
bales were used for different storage trials, and five storage configurations were tested. Standard outdoor 
tarped and indoor stacks proved to be the most effective in preserving bale quality and limiting deterioration, 
with dry matter losses below 5% in 2012. Moisture content of the bales was studied by collecting pre and post-
storage moisture contents of the bales. It was found that all bales, no matter the initial moisture content, would 
dry down to an industrial-acceptable moisture content of nearly 15%, if stored appropriately. Bale 
temperatures, which are an indicator of moisture content and microbial activity, were also studied to support 
the dry matter loss and moisture content data, as well as to ensure these stacks were not creating 
opportunities for bales to self-combust. In both years of temperature studies, no bales were found to reach 
temperatures near self-combustion level.     
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Introduction 
The United States is moving towards a bio-based economy, with the big player becoming cellulosic-derived 
biofuels. Cellulose is the most abundant source of energy on Earth, due to the ubiquitous existence of plants 
and algae. Ideal feedstocks for cellulosic biofuels would be something that is readily available, grows well in the 
particular climate of the biofuel production facility, and will not take away from currently existing markets. 
Switchgrass and miscanthus are two sought-after energy crops for cellulosic biofuels, but these crops require 
land to be taken from its current production use, or require additional land. In Iowa the most attractive 
feedstock is corn stover, the residue left on the field after the harvest of the corn grain which contains cobs, 
stalks and leaves. Currently, two biofuel companies, POET Biorefining and DuPont are constructing ethanol 
plants to use corn stover as their feedstock.  
The harvesting of corn stover has been done for many years, but the primary use has been for livestock 
bedding and supplemental feed, primarily with cattle. In those situations, the stover is typically harvested in the 
form of round bales, which uses the most inexpensive and most commercially-available equipment. This results 
in large round bales, which work well with corn stover, due to the inconsistency of its components, since it 
intertwines the material as it bales.  (Shinners, Binversie and Muck) Small square bales are often used in the 
hay industry, but are not as applicable to the harvesting of corn stover, due to the sheer volume of corn stover 
needed. Large rectangular bales are also used in the hay industry, and can be used to harvest corn stover. 
Large rectangular bales provide increased ease of handling, storage and transportation, which are all 
preferable in the industrial supply chain.  (Shinners, Huenink and Muck) As companies, such as DuPont and 
POET, who are constructing cellulosic ethanol facilities in central Iowa, move forward, large rectangular bales 
will most likely be used. The stack configurations and storage methods for the bales, however, are going to 
play a large role in the amount of dry matter lost. Shinners, Huenink and Muck found dry matter loss to be 
lowest for alfalfa bales when storing bales indoors, followed by storing on pallets, then storing on the ground. 
Shinners, Huenik and Muck also found that net wrapping preserved dry matter the best, but this would not be 
applicable on an industrial scale. Companies such as DuPont, intend to harvest over 275,000 bales, which 
would be very expensive and time consuming to net wrap. 
In Shah, et al., the effects on dry matter loss in outdoor corn stover bale stacks using stack configurations of 
tarp covered, breathable film cover, and inside storage within a metal building is studied. In those studies, dry 
matter loss at a short-term storage period of 3 months, and long-term storage period of 9 months was 
measured. In all storage types, most of the dry matter occurred during the first three months of storage. It was 
also found that the tarp storage preserved dry matter loss better than the stacks covered with breathable film. 
The best form of storage was found to be the indoor storage treatment, due to protection from weathering; 
however, indoor storage for more than 275,000 bales is not realistic due to the high expense of the buildings. 
(Shah, Darr and Webster) 
Another risk with stacking high moisture bales, without allowing them to breathe, is the heating risk caused by 
the microbial degradation The additional moisture allows the microbes to thrive, causing more heat and more 
dry matter loss. In the hay industry, bales have been known to self-combust due to this heating. Therefore, it 
will be important to monitor the temperature curve during storage for each type of storage, to determine 
whether a storage stack type impacts the internal temperature of the bale.  
Methods and Materials 
The corn stover bales for this research were harvested in central Iowa, and stored at Iowa State University’s 
BioCentury Research Farm. The bales used in this study were all large, 3x4x8 foot, square bales.   
2011 Corn Stover Bales 
In 2011, approximately 2000 large rectangular, multi-pass bales were harvested using different windrowing and 
baling combinations in Central and North Central Iowa. The bales had initial moisture contents from 
approximately 6% to over 50% moisture. All bales were sampled upon entering storage. Bales were then 
stored in a variety of storage stacks. Most bales were stored either indoors (Figure 1) or in a standard outdoor 
stack. A standard outdoor stack consists of 4-high, 3-wide outdoor stack with a tarp and peaker bale in the 
middle row, which creates a slope on top of the stack, therefore shedding precipitation (Figure 2). Some bales 
were also stored under a tarp with a flat top (no peaker bale) (Figure 3), and with no tarp (Figure 4). See 
pictures below.  
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Figure 1. Indoor storage stacks. 
 
Figure 2. Outdoor storage stacks, three wide with peaker bales to raise the tarp in the middle. 
 
Figure 3. The top of two tarped stack types. The flat top, no peaker bale, stack is in front, while the peaker bale stack is in back. 
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Figure 4. The untarped storage stack. Notice the dark, deteriorated coloration. 
2012 Corn Stover Bales 
In 2012, approximately 1200 large, rectangular, multi-pass bales were harvested for storage, using different 
windrowing and baling combinations in Central and North Central Iowa. The bales had initial moisture contents 
from approximately 6% to almost 50% moisture, with some outliers around 60% moisture. All bales were 
sampled for moisture content analysis right before being placed into a storage stack. The bales were placed in 
either one of two indoor storage stacks that were inside a hoop barn, or in one of two standard outdoor, tarped 
with a peaker bale, stacks. The stack configurations inside the hoop barn were four-high by three-wide, and 24 
bales long. The outside stack configurations were four-high on the outside rows, five-high in the middle, three 
bales wide, and 24 bales long. All bales were pulled out after seven months of storage, and sampled again for 
moisture.  
During the processing of the 2012 data, filtering was applied to analyze dry matter loss, based on what had 
been observed in previous years’ studies. In three years of storage trials, it was noticed that the bottom layer of 
the stack would accumulate moisture on the bottom 6” of the bale, and that the exterior bales of the outdoor 
stacks would accumulate moisture on the exterior few inches of the bale. Due to that moisture accumulation, 
the bales would gain weight, but the sample taken from the bale to determine moisture content for dry matter 
loss calculations would not accurately represent the moisture of the entire bale, due to the sampling location 
being on the interior of the bale. However, before filtering was done, tests were performed to analyze the 
statistical difference between the weathered and protected side of the bales, to justify the decision to filter. 
During harvest of 2012, as bales were placed into storage, bale locations within the stacks were recorded so 
filtering could be used during data processing. Therefore, only bales that were not bottom bales in the stacks 
and bales not on the exterior of outdoor stacks were used for dry matter loss calculations. 
Analytical Procedure 
In order to get an accurate value for moisture content, the samples were dried following a procedure similar to 
the ASABE Standard S358.2, Moisture Measurement – Forages. Since that procedure was developed for 
forages instead of corn stover, the procedure was slightly modified, verifying with several dry-down tests, to get 
an accurate moisture value for corn stover samples. The modified procedure included recording an initial, 
“wet”, weight, drying the sample in a ventilated oven at 95°C for 24 hours, and then removing the sample to 
record its “dry” weight. This gravimetrically measured how much moisture the sample lost, which then was 
converted into a percentage of the sample that was moisture, or the moisture content. The moisture content 
values were calculated on a wet basis from  Equation 1, below. 
ܯ݋݅ݏݐݑݎ݁	ܥ݋݊ݐ݁݊ݐ	ሺ%ሻ ൌ ሺௐ௘௧	௦௔௠௣௟௘	௪௘௜௚௛௧ି஽௥௬	௦௔௠௣௟௘	௪௘௜௚௛௧ሻሺௐ௘௧	௦௔௠௣௟௘	௪௘௜௚௛௧ሻ ൈ 100 (1) 
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Statistical Analysis 
To analyze the results of these experiments, Minitab 16 Statistical Software was used. Interval plots, showing 
the 95% confidence interval for the mean, were used to visually depict differences in storage methods. 
Scatterplots were also used to show trends in the data. Boxplots and histograms were used in some cases to 
show the spread of the actual data, and to show outliers. 
Measuring Moisture Content and Dry Matter Loss 
To measure dry matter loss, initial and final bale weight and moisture content are needed. In 2012, all bales 
were weighed and sampled for moisture immediately before storage and the initial dry matter for bales was 
then calculated using Equation 2 below. 
ܫ݊݅ݐ݈݅ܽ	ܦݎݕ	ܯܽݐݐ݁ݎ	 ൌ ቀ1 െ ூ௡௜௧௜௔௟	ெ௢௜௦௧௨௥௘	஼௢௡௧௘௡௧ଵ଴଴ ቁ ൈ ܫ݊݅ݐ݈݅ܽ	ܤ݈ܽ݁	ܹ݄݁݅݃ݐ	ሺ݈ܾݏሻ (2) 
 
 
All bales were pulled out after 7 months of storage, to be weighed and sampled for moisture. Final dry matter 
could then be calculated using Equation 2, above, but changing the numbers from initial values to the final, 
post-storage, values. Dry matter loss was then calculated using Equation 3, below. 
ܦݎݕ	ܯܽݐݐ݁ݎ	ܮ݋ݏݏ	ሺ%ሻ ൌ ூ௡௜௧௜௔௟	஽௥௬	ெ௔௧௧௘௥	ሺ௟௕௦ሻିி௜௡௔௟	஽௥௬	ெ௔௧௧௘௥	ሺ௟௕௦ሻூ௡௜௧௜௔௟	஽௥௬	ெ௔௧௧௘௥	ሺ௟௕௦ሻ ൈ 100 (3) 
 
Measuring Temperature Profiles 
In both 2011 and 2012, temperature loggers were placed in wooden dowels in the long side of several bales, 
shown in Figure 5. They recorded temperature at an interval of once every half hour to provide a temperature 
profile. In 2011, the loggers were used to track temperature differences in bales in different storage types, and 
different bale locations within each stack. In 2012, the loggers were used to track temperature differences 
between initially wet and initially dry bales. The loggers produced a table of dates and times with temperature 
at each point.  
 
Figure 5. Temperature monitoring device in a stored bale, marked with orange paint. 
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Results 
Moisture Content Analysis 
In 2011 and 2012, bales were harvested at a wide range of moisture contents. However, as shown in Figures 5 
and 7, from before storage to after storage, the range of moisture contents decreased. The average moisture 
content for all bales, regardless of storage type, also decreased from pre- to post-storage. The at-harvest 
moisture content averages for both years were 18-20% moisture, and both dried down to exit storage 
averaging around 15% moisture. Given the large sample size, nearly 600 bales for 2011 and over 1100 bales 
for 2012, there is strong confidence that bales will dry during storage, and level out to around 15% moisture, 
which is an acceptable moisture content for industrial processing. This is important because uniformity of 
feedstock allows the processing to be more standardized and creates a leaner manufacturing system by 
discouraging variability. 
 
Figure 6. Distribution of moisture content upon initial sampling before storage, shown in orange, and again after storage, shown 
in green for 2011-harvested bales. 
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Figure 7.  Distribution of moisture content upon initial sampling before storage, shown in orange, and again after storage, shown 
in green, for 2012-harvested bales. 
Also seen in both years was a nearly straight-line trend for moisture loss, shown in Figures 8 and 9. This 
indicates that the wetter the bales were going into storage, the more moisture they lost during storage. This is a 
remarkable trend line, given that biological material is rarely this uniform. This confirms what was shown 
previously in Figures 6 and 7, that during storage, the bales will reach a steady state of approximately 15% 
moisture. This is beneficial to processing facility, as the bales will become uniform and at an acceptable 
moisture content level coming into the plant, and will not likely grow mold or other decomposition organisms.  
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Figure 8. Moisture content loss during storage for 2011-harvested bales. 
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Figure 9. Moisture content loss during storage for 2012-harvested bales, showing bales stored indoors in blue, and bales stored 
outdoors in red. 
Dry Matter Loss 
As mentioned in the methods section, dry matter loss data would have been affected by the weathered bales’ 
accumulated moisture. As seen in Figure 10 and 11, the bottom and outside bales pick up significant amounts 
of moisture during storage. Therefore, when the bales are weighed post-storage, it appears they have gained 
weight since being put into storage. However, due to the location of the moisture content sample taken from 
these bales, which is the middle of the short end of the bale on the interior (stack) side of the bale, the moisture 
content would not reflect the accumulated moisture. Due to this, the dry matter loss values would be negative, 
indicating a gain in dry matter for these bales, which is not practical. Therefore, for outdoor stacks, only the 
middle row of non-bottom bales was used for dry matter loss analysis. For indoor stacks, all bales except for 
bottom bales were used. To justify our data filtering, a paired T-test determined a statistical difference between 
the inside and outside of exterior (weathered) bales, and is shown in Figure 12.  
 
Figure 10. Bottom bales in storage stacks soak up moisture from the ground, altering their dry matter loss values. 
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Figure 11. Exterior bales in outdoor stacks accumulate moisture from precipitation, which alters their dry matter loss values. 
 
Figure 12. Interval plot showing the statistical difference between the outside and inside of exterior bales in outdoor stacks. 
 
Dry Matter Loss Results 
The dry matter loss values for the 2012-harvested bales are shown in Figure 13. The dry matter loss values 
were very similar for outdoor and indoor bales, right around 3.5-4.5%, and it was determined that there was no 
statistical difference. The high sample number gives confidence that there is no statistical difference between 
indoor bales and outdoor bales that are on the inside of the stack. This is beneficial for bioprocessing facilities 
because they can get the same quality of bales, and same level of dry matter loss, for a much less expensive 
storage option.  
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Figure 13. Dry matter loss values for 2012-harvested bales by storage type.  
 
Temperature Profiles 
Temperature is indicative of the microbial activity, and therefore future dry matter loss, going on inside bales. 
The reason for this is that when the microbes consume the corn stover, they release heat, as it is an 
exothermic reaction. Therefore, by measuring bale temperature, the periods that most of the dry matter loss 
occurs can be monitored. Additionally, monitoring temperatures can provide real data to discredit the 
hypothesis of self-combustion in corn stover bales. The temperature curves for 2011 and 2012 are shown in 
Figures 14 and 15, respectively. In both years, some bales start out as high temperature bales, and some as 
low, then they all level out to approximately the same level during the winter. In 2011, however, a serious 
difference was noted in the reheating curves that begin around April. The untarped stacks, which had 
accumulated the most moisture due to lack of weather protection, had the highest temperature spikes. 
Therefore, it can be concluded that the reheating temperature in bales is determined by the quality of storage 
that bales are in. 
 
Figure 14. 2011 Bale temperature curves by storage type.  
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In 2012, bales with varying initial moisture contents were monitored for temperature. In this year of temperature 
studies, it was found that if bales started out high in moisture, the initial temperature would also be high, as can 
be seen in Figure 15. However, during the winter months, they cooled off again, and the reheating curves were 
fairly similar. Therefore, it can be concluded from 2012 temperature studies that the initial temperature is 
influenced by initial moisture content, but the bales will all behave similarly in their reheating period, if stored in 
high quality storage. 
Previous studies by this research group at Iowa State have found the combustion temperature of corn stover is 
approximately 300°F. As can be seen in Figures 14 and 15, in two years of storage, even with extremely high 
moisture bales, temperatures anywhere near the combustion temperature were not observed. 
 
Figure 15. 2012 Bale temperatures by initial moisture content.  
Conclusions 
As industry and producers in the Midwest begin to harvest an increasing amount of corn stover, there will be a 
need for long term storage that will preserve the material with a minimum dry matter loss, and minimum risk of 
bale heating. Using three years of data, dry matter loss numbers were calculated for several types of storage. 
The results of different storage types include: 
 Standard Outdoor Tarped Stacks (with a peak bale): Standard outdoor tarped stacks are an effective 
way to preserve the quality of bales for a long period of time. This will most likely be the preferred stack 
type, as it is high in quality and structural integrity.  
o The interior bales on these stacks are not statistically different, in dry matter loss, than bales 
stored indoors. 
o The exterior bales demonstrate a significant difference in moisture content between the 
outside (weathered) side of the bale and the inside (protected) side of the bale.  
 Indoor Stacks: Bales stored indoors are at the highest quality, and have low dry matter because they 
are protected from all elements. However, due to the high cost of storage buildings and the vast 
quantity of biomass to store, indoor storage is not viable for a full-scale industrial scenario.  
 Stack with No Tarp: Stacks stored without a tarp are not viable for long term storage. The bales in 
these stacks have higher reheating curves, which indicates higher dry matter loss, due to lack of 
weather protection. 
The moisture loss and temperature curves of the various stack types were also analyzed in 2011 and 2012-
stored bales. Moisture loss showed a remarkably straight trend line, indicating that no matter the starting 
moisture, the bales will dry out to average around 15% moisture during storage. This is supported by the 
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temperature curve data, which showed high moisture bales starting with higher temperatures, but after winter 
they resumed temperatures nearly identical to the low initial moisture bales.  
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